Antibiotic resistance is a growing worldwide human health issue that is now rendering us vulnerable once again to infections that have been treatable for decades. Various approaches have been proposed in an effort to overcome this threat and effectively treat bacterial infections. We use a DNA origami nanostructure, functionalized with aptamers, as a vehicle for delivering the antibacterial peptide lysozyme in a specific and efficient manner, in order to destroy bacterial targets. We test the system against Gram-positive ( Bacillus subtilis) and Gram -negative ( Escherichia coli) targets. We use direct stochastic optical reconstruction microscopy (dSTORM) and atomic force microscopy (AFM) to characterize the DNA origami nanostructures and structured illumination microscopy (SIM) to assess the binding of origami to the bacteria. We show that treatment with lysozyme-functionalized origami slows bacterial growth more effectively than treatment with free lysozyme. Our study introduces DNA origami as a tool in the fight against antibiotic resistance, and our results demonstrate the specificity and efficiency of the nanostructure as a drug delivery vehicle.
The rate at which bacteria (especially Gram-negative pathogens) are developing resistance to antimicrobial agents is higher than the rate at which new antibiotics are being developed, increasing the risk that untreatable infections will become widespread. Resistance of Escherichia coli and Klebsiella pneumoniae to third-generation cephalosporins substantially increased in the EU between 2012 and 2015 (to >50% resistance of K. pneumoniae in many countries) and resistance of Pseudomonas aeruginosa and Acinetobacter spp.
to multiple antimicrobial groups has also become common 1 .
According to the World Health Organization, failure of last-resort treatments for gonorrhea has been confirmed in at least ten countries, and failure of treatment for E. coli urinary tract infections, S. aureus infections and Enterobacteriaceae infections has been reported widely around the world 2 .
Therefore, alternative antimicrobial strategies are needed urgently.
Several novel materials, including metal-organic frameworks 3 , antimicrobial peptides 4-6 , nanoparticles [7] [8] [9] and combinations of these [10] [11] [12] , have shown promise for new antimicrobial strategies, but problems persist. For example, metal-based materials have low stability and/or can be highly toxic to mammalian cells [13] [14] [15] [16] . Similarly, antimicrobial peptides are promising, but methods for their targeted delivery are still lacking. In this study, we explore the potential of DNA origami as a vehicle for delivering active antimicrobial components in a target-specific and efficient manner.
DNA origami structures are two-or three-dimensional nanostructures made by exploiting the base-pairing property of DNA 17 . A large number (150-200) of oligonucleotidesreferred to as staples -are used to fold the DNA into a pre-designed conformation and hold it together, and these staples can be functionalized to carry various payloads 18, 19 .
Previous studies have shown that DNA origami has excellent biocompatibility, triggers no immune response and stays intact in vivo for at least 48 h 20,21 , making it an ideal candidate material for the manufacturing of highly specific drug delivery vehicles. For example, DNA origami has been used to target active therapeutic molecules to eukaryotic cancer cells, resulting in the death of these cells 21, 22 . However, there are no reports on the use of DNA origami to target bacterial cells.
In this study, we used DNA origami as a vehicle for targeted delivery of the antimicrobial enzyme lysozyme to two different bacteria in vitro . With only minor modifications, the same nanostructure was functionalized to target Gram-positive and
Gram-negative bacteria with high specificity. We synthesized and used a previously reported DNA origami nanostructure 23 The measured distance between the single fluorophores was 62.3 +/-17 nm (n=40), agreeing with the theoretical distance between the Alexa 647 molecules on the nanostructure.
The third functionalization was the incorporation of aptamers around the edges of the frame. Previous studies have shown that aptamers effectively and selectively bind to bacterial targets 24, 25 . To ensure effective aptamer-driven binding of the DNA origami to bacterial targets, we incorporated 14 aptamers in each nanostructure (Figure 1 ).
We used aptamers that are 40 bases long and can bind to both
Gram-positive and Gram-negative bacteria 24 
